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ABSTRACT 
A study was performed to evaluate fault detection effectiveness as applied to gear tooth pitting fatigue damage.  Vibration 
and oil-debris monitoring (ODM) data were gathered from 24 sets of spur pinion and face gears run during a previous 
endurance evaluation study.  Three common condition indicators (RMS, FM4, and NA4) were deduced from the time-
averaged vibration data and used with the ODM to evaluate their performance for gear fault detection.  The NA4 parameter 
showed to be a very good condition indicator for the detection of gear tooth surface pitting failures.  The FM4 and RMS 
parameters performed average to below average in detection of gear tooth surface pitting failures.  The ODM sensor was 
successful in detecting a significant amount of debris from all the gear tooth pitting fatigue failures.  Excluding outliers, the 
average cumulative mass at the end of a test was 40 mg.   
 

INTRODUCTION  

Gears are used extensively in rotorcraft drive systems.  
Effective gear fault detection is crucial to ensure flight 
safety.  In addition, tremendous economic benefits can result 
from condition based maintenance practices, for which gear 
fault detection plays an important role. 

Over the past 25 years, much research has been devoted 
to the development of Health and Usage Monitoring systems 
for rotorcraft gearbox and drivetrain components.  Three 
classic publications on gear diagnostics are by Stewart [1], 
McFadden [2], and Zakrajsek [3].  Samuel and Pines give a 
comprehensive review of the state-of-the-art in vibration-
based helicopter transmission diagnostics [4].  Dempsey, et 
al., presents a summary of current methods to identify gear 
health, with emphases to FAA and U.S. Army rotorcraft 
applications [5].  Recent refinements to vibration-based gear 
fault detection have been made [6-8] along with other 
methods such as vibro-acoustics [9], acoustic emission [10], 
and impact velocity modeling [11].  A common theme  
noticed is that experimental data verifying fault detection 
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algorithms and condition indicator (CI) thresholds are 
sparse. 

In a recent study on face gear endurance [12], a number 
of test sets were instrumented with a gear fault detection 
system and run until failure.  The gears failed from tooth 
surface fatigue and a large fault detection database was 
populated.  The objective of this study is to use this database 
and evaluate fault detection effectiveness as applied to gear 
tooth pitting fatigue damage.  A further objective is to 
evaluate the repeatability of the fault detection methods.  
Vibration and oil-debris monitoring data were gathered from 
24 sets of gears run during the previous endurance 
evaluation study.  The gears were tapered involute spur 
pinions in mesh with face gears.  Three common condition 
indicators (RMS, FM4, and NA4) were deduced from the 
vibration data and used to evaluate gear fault detection.  
Receiver operating characteristic curves were further used 
on the data to define threshold limits.  Lastly, cumulative 
mass from oil-debris monitoring was used for fault 
detection. 



 
 

  

APPARATUS 
Test Facility 

The experiments reported in this report were tested in 
the NASA Glenn spiral-bevel-gear/face-gear test facility.  
An overview sketch of the facility is shown in Fig. 1a and a 
schematic of the power loop is shown in Fig. 1b.  The 
facility operates in a closed-loop arrangement.  A spur 
pinion drives a face gear in the test (left) section.  The face 
gear drives a set of helical gears, which in turn, drive a face 
gear and spur pinion in the slave (right) section.  The pinions 
of the slave and test sections are connected by a cross shaft, 
thereby closing the loop.  Torque is supplied in the loop by 
physically twisting and locking a torque in the pre-load 
coupling on the slave section shaft.  Additional torque is 
applied through a thrust piston (supplied with high pressure 
nitrogen gas), which exerts an axial force on one of the 
helical gears.  The total desired level of torque is achieved 
by adjusting the nitrogen supply pressure to the piston.  A 
100-hp DC drive motor, connected to the loop by V-belts 
and pulleys, controls the speed as well as provides power to 
overcome friction.  The facility has the capability to operate 
at 750 hp and 20,000 rpm pinion speed.  A torquemeter in 
the loop on the test side measures torque and speed.  The 
facility is also equipped with thermocouples, oil flow 
meters, pressure transducers, accelerometers, counters, and 
shutdown instrumentation to allow 24-hour unattended 
operation. 

Test Gears 

The design parameters for the pinions and face gears 
used in the tests are given in Table I.  A photograph of the 
test specimens is shown in Fig. 2.  The set was primarily 
designed to fail in surface pitting fatigue mode.  The set had 
a reduction ratio of 3.842:1.  The pinions were slightly 
tapered, which allows the independent setting of backlash 
for the multiple pinions and idlers in the split-torque 
transmission application [13].  The pinions and face gears 
were made from carburized and ground vacuum induction 
melting-vacuum arc remelting (VIM-VAR) Pyrowear 53 
steel per AMS 6308 using standard aerospace practices.  At 
6000 lb-in face gear torque, the calculated AGMA contact 
stress index was 250 ksi and the calculated AGMA bending 
stress index was 72 ksi using approximate spur gear 
calculations per AGMA [14]. 

Gear Fault Detection Instrumentation 

A schematic of the gear fault detection instrumentation 
is shown in Fig. 3.  Two high-frequency accelerometers and 
two photoelectric tachometers were used for vibration 
monitoring.  One accelerometer was installed on the test 
(left) side pinion housing and the other was installed on the 
slave (right) side pinion housing and were used to monitor 
the left and right side meshes, respectively.  The 
accelerometers had integral electronics with a nominal 10 
mV/g sensitivity, 70 kHz resonant frequency, and were 
linear within 10% up to 20 kHz.  One tachometer was 
installed on the high-speed pinion shaft and the other was 
installed on the low-speed face gear shaft.  Each produced 

once-per-shaft-revolution indications and were used for time 
averaging of the vibration data.  The outputs of the 
accelerometers and tachometers were acquired and digitized 
by a PC. 

Vibration data were acquired once every minute during 
the tests.  The accelerometers and tachometers signals were 
sampled at 155 kHz sampling rate (each) for 10 seconds 
duration by an in-house developed computer program.  The 
program performed linear interpolation and time 
synchronous averaging.  This produced left and right 
vibration traces relative to the pinion and gear shafts.  For 
the 10-sec acquisition, approximately 380 averages were 
achieved for a gear trace and over 1000 averages for a pinion 
trace.  The traces represented the time-averaged vibration for 
a period of one revolution of the corresponding shaft using 
1024 points for the pinion shaft trace and 2048 points for the 
gear shaft trace.  From these traces, three common condition 
indicators (CI's) were calculated at each acquisition: RMS, 
FM4, and NA4.  Detailed definitions of the CI's are given in 
Appendix A. 

A commercially available in-line oil-debris monitor 
(ODM) was used to measure metallic content generated in 
the lubrication system due to mechanical component fatigue 
failures [15].  The ODM sensor element consisted of three 
coils that surrounded a non-conductive section of tubing.  
The two outside field coils were oppositely wound and 
driven by an AC current source.  The center coil measured 
the disturbance to the magnetic fields caused by the passage 
of metallic particles through the sensor.  The disturbance 
was measured as a sinusoidal voltage where the magnitude 
of the disturbance was proportional to the size of the 
particle.  The ODM controller continuously monitored the 
sensor and stored values of the calculated cumulated mass of 
the debris as well as particle counts assembled in bins of 
particles sizes.  The PC system from above polled the ODM 
controller through its COM port during each vibration 
acquisition where it time-stamped and stored the cumulated 
mass along with the vibration CI's. 

The ODM sensor was installed in the gravity-fed 
scavenge oil line coming from the test hardware (Fig. 3).  
This line contained oil from the left side mesh, left side 
pinion support bearing, right side mesh, and right side pinion 
support bearing.  Unfortunately, due to the test rig design, 
isolation of the oil lines for these components was not 
possible.  However, the ODM data was still used as an 
indicator of the health of the gears as a whole. 

Test Procedure 

For each set tested, detailed installation and break-in run 
procedures as described in [12] were followed to produce 
acceptable contact patterns and backlash.  After acceptable 
installation, the pre-load coupling was adjusted to produce a 
face-gear torque between 3000 to 5000 lb-in.  The gears 
were then run at required speed and torque for the specific 
test (torque adjusted using load piston).  Facility parameters 
(speed, torque, oil pressures and flows, temperatures, ...) as 
well as the previously mentioned vibration and ODM data 



 
 

  

were collected.  During the tests, the gears were inspected at 
routine intervals (5 to 10 million face gear cycles) or when 
an abnormal facility shutdown occurred.  The gears were run 
until a surface durability failure occurred or a suspension 
was defined.  A surface durability failure was defined as 
macro-pitting or spalling of at least 0.1-inch continuous 
length along the contact area on any tooth of a tested pinion 
or face gear.  Once a test was completed, the failed gears 
were removed from the facility, cleaned, and photographed 
for documentation purposes.  A replacement set was 
installed per above and testing continued. 

Twenty-four sets of gears were tested.  Tests were 
performed at three load levels:  7200 lb-in face gear torque 
(275 ksi calculated AGMA contact stress), 8185 lb-in face 
gear torque (292 ksi contact stress), and 9075 lb-in face gear 
torque (307 ksi contact stress).  Test speeds were 2190 to 
3280 rpm face gear speed, depending on the vibration levels 
of the test. 

RESULTS AND DISCUSSION 

Endurance Test Results 

A summary of the results from the endurance tests is 
given in Table II.  Twelve sets were run at 7200 lb-in, 7 sets 
at 8185 lb-in, and 5 sets at 9075 lb-in face gear torque.  The 
test speeds were 2190 to 3280 rpm face gear speed.  Initial 
tests were run at higher speeds to produce more cycles per 
time.  However, due to wear of the specimens during test, 
excessive facility vibration levels were produced and the 
speeds were reduced to reduce vibration to acceptable levels.  
During pre-test facility check-out runs, resonant speeds from 
around 2500 to 3000 rpm were discovered, and thus, avoided 
during test. 

Of the 24 sets of gears tested, 17 sets resulted in 
spalling/macro-pitting failures.  The other 7 sets were 
suspended with moderate to heavy wear but had no spalling.  
For all the 17 sets that failed, spalling occurred on the 
pinion.  In some cases, spalling occurred on both the pinion 
and face gear.  There were zero instances of face gear 
spalling with no pinion spalling.  Thus, the remainder of this 
study will concentrate on pinion results only.  The tests sets 
were classified into four groups:  1) pinion macro-pitting 
with single or few teeth pitted (this occurred for 5 sets), 
2) pinion macro-pitting with multiple/all teeth pitted (this 
occurred for 12 sets), 3) moderate pinion wear but no macro-
pitting (this occurred for 3 sets), and 4) heavy pinion wear 
but no macro-pitting (this occurred for 4 sets).  An example 
of a pinion with single or few teeth pitted is given in Fig. 4a.  
An example of a pinion with multiple teeth pitted is given in 
Fig. 4b.  The number of cycles tested per set ranged from 
32.7 to 590.9 million pinion cycles. 

Vibration and ODM data were continuously collected 
once every minute during all tests.  Three gear fault CI's 
(RMS, FM4, and NA4) were calculated from the time 
averaged vibration signal for the pinions.  The results for all 
the tests are given in Appendix B.  Plotted are RMS, FM4, 
and NA4 versus data point, where each data point represents 

one minute of test.  As previously mentioned in the Test 
Procedure section, test gears were replaced after failure or 
suspension with new sets and testing continued.  The 
absolute start and end times for the 24 sets were intermixed.  
For each set shown in Appendix B, the data point number is 
relative to the specific set in question.  Thus, as an example, 
data point 10000 for set 1 (Fig. B1) does not correspond to 
the same point in time as data point 10000 for set 2 
(Fig. B2). 

The plots in Appendix B are divided with two types of 
separators.  The first separator is labeled "Rig shutdown" 
(dotted lines) and was due to rig shutdowns either for routine 
inspection or abnormal facility parameter exceedance.  In 
these cases, no changes were made to the test gear set setup 
or vibration monitoring system.  The second separator is 
labeled "Vib reset" and occurred when the vibration 
monitoring system was reset.  This primarily occurred when 
the opposite side set was replaced due to failure or 
suspension.  The major significance of a "Vib reset" is the 
re-initialization of the running average of the variance for 
the NA4 parameter (see Eqn. 3, Appendix A).  Lastly, 
portions of the data in Appendix B are also classified as 
"Healthy" and "Faulty", corresponding to a healthy or faulty 
pinion condition.  This classification will be used for 
determining thresholds as described in a later section of this 
study. 

The results from Appendix B will be used for analysis 
of gear fault detection and described in detail in later 
sections of this study.  For now, however, a few general 
comments can be made.  Rig shutdowns and "Vib resets" 
produced discontinuities in the CI responses.  Some 
discontinuities were significant (the RMS response for data 
points 4335-5742 of Fig. B5 as an example).  For most 
cases, a failure of the opposite side set was apparent in the 
CI responses of a given set.  Fig. B6 for set 6 is an example 
where set 5 failed at data point 1128.  In general, the 
magnitude of the RMS CI varied from set to set.  FM4 was 
generally bounded within values of 2 to 5.  NA4 was also 
generally bounded for healthy components, but showed a 
significant increase during failure.  NA4, however, was 
usually more sensitive to inspections and shutdowns. 

Evaluation of Data From Healthy Components 

The objective of this section is to investigate the 
variability of the CI's for known healthy components.  The 
data labeled "Healthy" in Appendix B were assembled and 
the means and standard deviations of the CI's for these data 
were determined.  For 15 of the 24 sets, the healthy data was 
selected at the start of the set installation.  For the remaining 
sets, the healthy data was offset due to the influence of the 
opposite side set failures on the CI results.  The mean and 
standard deviation results are shown in Table III and Fig. 5. 

RMS had a large variation among sets, ranging in mean 
values from 2.53 to 10.73 g's.  FM4 had a fairly steady value 
of means, with a total average of 2.75 and a relatively low 
standard deviation.  NA4 had a slightly higher mean than 
FM4 and significantly larger scatter. 



 
 

  

Qualitative Analysis of Gear Fault Detection 

For the qualitative analysis, the gear fault detection 
effectiveness was evaluated based on visual inspection of the 
CI plots from Appendix B.  Each CI was rated for fault 
detection effectiveness for each set with macro-pitting.  
Ratings varied from 1 to 5, where 5 was excellent 
effectiveness and 1 was poor effectiveness.  A CI was given 
a 5 rating for a set if it showed an indisputable increase in 
value at the time of failure.  An example of this is the NA4 
response for set 13 (Fig. B13).  In this case, NA4 increased 
by a factor of 50 at the end of the test.  A CI was 
subjectively rated less effective when it did not show a 
noticeable increase at time of failure, it decreased with 
increasing failure progression, it exhibited extraneous jumps 
or spikes, or it was clouded with noise throughout the test.  
An example of a 3 rating is given for FM4 for set 17 
(Fig. B17).  Here, FM4 increased at the start of failure (data 
point 4500) but decreased as the pitting failure propagated.  
An example of a 1 rating is given for FM4 for set 4 
(Fig. B4).  Here, FM4 showed no response to the failure at 
the end of the test. 

Fig. 6 depicts the results of the qualitative analysis.  For 
the single/few teeth macro-pitting failures (Fig. 6a), NA4 
showed an excellent fault detection effectiveness.  FM4 
showed a slightly above average effectiveness.  NA4 and 
FM4 were primarily developed to detect isolated gear tooth 
faults, which explains the excellent performance of NA4.  
FM4 suffered in effectiveness due to noise and the decrease 
in values with increased fault progression.  RMS showed a 
slightly below average effectiveness, indicating that isolated 
gear faults did not significantly increase the overall vibration 
signature. 

For the multiple teeth macro-pitting failures (Fig. 6b), 
the fault detection effectiveness of NA4 and FM4 decreased 
compared to the single/few teeth failure modes.  Again, this 
is not surprising since the parameters were developed to 
detect isolated tooth faults.  The RMS fault detection 
effectiveness increased due to the increased influence of the 
multiple teeth faults on the overall vibration signature.  In 
general considering all failures (Fig. 6c), NA4 showed a 
good fault detection effectiveness, FM4 was slightly below 
average, and RMS was average. 

Some general observations were noted.  Again, CI 
discontinuities from the inspections and resets increased the 
difficulty for successful fault detection.  This was especially 
true in the current test setup where opposite side set failures 
influenced CI performance.  Another general observation 
was that the vibration spectrum was dominated by the gear 
meshes.  This was deduced from analyzing gear orders in the 
time-averaged vibration as well as analyzing raw vibration 
signals (non-time averaged) from facility accelerometers. 

Quantitative Analysis of Gear Fault Detection 

Receiver operating characteristic (ROC) curves were 
used to validate the qualitative analysis.  ROC curves are 
used in signal detection theory to identify tradeoffs between 
failure detection and false alarms.  They have been used in 

the medical fields for health decision making and for 
assessing the predictive accuracy of the tools used to make 
these decisions [16, 17].  Interpretation of medical tests can 
vary between diagnosticians.  ROC curves have been used as 
a tool to assess the performance of tests independent of the 
threshold, providing a common metric for comparison [18]. 

The procedure in using ROC curves is as follows.  First, 
CI data is extracted into healthy and faulty groups 
corresponding to healthy and faulty components.  The means 
and standard deviations of the groups are then determined.  
Fig. 7 shows probability density functions for sample data 
with a mean and standard deviation of 3.0 and 0.5, 
respectively, for the healthy set, and a mean and standard 
deviation of 5.0 and 1.0, respectively, for the faulty set.  
Note that normal distributions are used in this example and 
this assumption was used on all the data in this study.  For a 
given CI value (CI = 3.5 in Fig. 7 as an example), the false 
alarm rate and hit rate are the shaded areas in the figure and 
can be determined from statistics using the CI value 
probability distribution to calculate the area under the curve.  
By sweeping through a range of CI's (usually from the mean 
of the healthy to the mean of the faulty set), one can tabulate 
and plot the hit rates versus false alarm rates.  This is known 
as the ROC curve.  The ROC curve can be used to evaluate 
the CI fault detection effectiveness as well as to determine a 
threshold CI value.  The threshold CI value with the best 
performance is the point corresponding to the upper-left 
most point on the ROC curve.  This maximizes the hit rate 
while minimizing the false alarm rate.  One method to 
determine the optimum numerical value of the threshold is to 
determine the CI value for the intersection of the tail edge of 
the healthy probability density function with the leading 
edge of the faulty probability density function. 

ROC curves are given in Fig. 8 for two examples.  The 
first example has considerable overlap between the healthy 
and faulty groups.  The threshold value is 3.62 for this 
example.  The ROC curve is fairly smooth (Fig. 8a) and the 
threshold value has less significance due to poor separation 
of healthy and faulty data.  If actual data performed in this 
manner, the CI would be a poor fault detection indicator.  
The second example has a greater spread between the 
healthy and faulty groups.  The ROC curve has a sharp edge 
(Fig. 8b) at the upper-left location and thus, a tangible 
threshold.  The threshold value with the optimum 
performance is 4.42 for this example.  If actual data 
performed in this manner, the CI would be a good fault 
detection indicator. 

ROC curves for RMS, FM4, and NA4 are given in 
Figs. 9 through 11 for the macro-pitting, single/few teeth 
failures (pinion condition 1).  This was based on the healthy 
and faulty data of sets 13, 15, 17, 19, 22.  The means and 
standard deviations of the healthy and faulty data, along with 
the estimated thresholds from the ROC curve analysis, are 
given in Table IV.  ROC curves for the macro-pitting, 
multiple teeth failures (pinion condition 2) are given in 
Figs. 12 through 14.  The means, standard deviations, and 
thresholds are given in Table V.  Note that analysis for the 



 
 

  

macro-pitting, multiple teeth failures only included 9 out of 
the 12 total sets for this failure mode (sets 4, 5, 7, 8, 9, 12, 
16, 20, 23).  This was due to difficulty in classifying the 
faulty data regimes for the excluded sets (sets 6, 11, 21).  
The CI plots of Appendix B show the groupings of healthy 
and faulty data that were used for the ROC curve analysis. 

Results of the analysis showed that both RMS and FM4 
did not show good separation between healthy and faulty 
data (Figs. 9, 10, 12, 13).  For RMS, significant variation in 
values from set to set occurred for both healthy and fault 
data.  This increased the standard deviation of the data and 
thus, caused poor separation.  The RMS ROC curves were 
rather smooth, making the threshold less significant due to 
the poor separation between healthy and faulty data.  For 
RMS from Tables IV and V, thresholds of 4.24 and 6.14 g's 
gave hit rates of 0.74 and 0.59 and false alarm rates of 0.14 
and 0.16, indicating rather poor gear fault detection 
effectiveness in itself. 

For FM4, considerably less scatter occurred but the 
means between healthy and faulty data were relatively close 
together.  One characteristic of FM4 is the decrease in value 
with increased fault progression.  This lowers the mean for 
the faulty data and decreases the separation between healthy 
and faulty data.  The FM4 ROC curves showed a slight 
inflection point at the upper-left portion of the curve.  
However, the hit rates were rather low.  From Tables IV and 
V, FM4 thresholds of 3.29 and 3.04 gave hit rates of 0.61 
and 0.77 and false alarm rates of 0.06 and 0.05.  Although 
the false alarm was low, the hit rate was also rather low 
which hurt the gear fault detection effectiveness of FM4. 

The analysis showed that NA4 had very good separation 
between healthy and faulty data (Figs. 11, 14).  Even though 
NA4 had a significant amount of scatter (standard 
deviation), there was an extremely noticeable increase in 
mean for the faulty data, thus providing good separation.  
There was a problem, however, with the NA4 analysis.  As 
stated before, normal distributions were used in this study.  
This was a poor choice for the NA4 faulty data.  NA4 values 
significantly increased with fault progression.  Even though 
this increased the mean for the faulty data, it also 
significantly increased the standard deviation of the fault 
data also.  Since normal distributions were used, a symmetry 
scatter about the mean resulted.  This caused artificially 
induced lower hit rates.  To help alleviate this problem, NA4 
values were constrained to a maximum value of 50 in this 
study.  Fig. 13d shows hit rates approximately 0.85 for NA4 
values of 5 or less.  In actuality, these hit rates approach 1.0.  
A better choice for the probability density distribution would 
have been a non-symmetry distribution, such as a three-
parameter Weibull distribution.  From Tables IV and V, 
thresholds of 7.14 and 5.52 gave hit rates of 0.99 (correcting 
the value shown in Table V) and false alarm rates less than 
0.01.  Thus NA4 showed excellent gear fault detection 
effectiveness. 

Oil Debris Monitoring 

The results from the oil-debris monitoring (ODM) 
system is given in Fig. 15.  Data from all 17 failed sets are 
included.  Shown is the calculated cumulative mass per data 
point (one data point every minute).  The ODM responded to 
all 17 failures.  Some sets had definitive inflection points, 
indicating increased gear tooth pitting (Fig. 15a, set 22, at 
data point 4900, as an example).  Others had a steady 
increase in debris (Fig. 15a, set 13).  Three sets were outliers 
with a larger amount of debris (sets 4, 5, and to some degree, 
set 22).  There did not appear to be significantly more tooth 
damage (or bearing failures) to correlate with the larger 
amount of debris, so its cause is unknown.  Excluding the 
three outliers, the results were fairly consistent among sets 
with an average value of about 40 mg cumulative mass at the 
end of test. 

As stated before, there were difficulties in the facility 
setup with the ODM.  A single sensor was used for both the 
left and right test sides.  Thus, it was not possible to separate 
the results per side.  This posed two problems.  First, the 
measured results included the debris from both sides.  
Second, the failure of the opposite side set during a test of a 
given set produced a significant amount of debris.  
Therefore, the ODM was reset to zero after each failure, thus 
producing an offset for some sets.  Fortunately, no failures 
occurred at the same time for the left and right sides, leaving 
enough separation in the results to give meaningful data. 

CONCLUSIONS 

The objective of this study was to evaluate fault 
detection effectiveness as applied to gear tooth pitting 
fatigue damage.  Vibration and oil-debris monitoring (ODM) 
data were gathered from 24 sets of gears run during an 
endurance evaluation study.  Three common condition 
indicators (RMS, FM4, and NA4) were deduced from the 
time-averaged vibration data and used with the ODM to 
evaluate gear fault detection.  The following conclusions 
were obtained: 

1)  The NA4 parameter showed to be a very good 
condition indicator for the detection of gear tooth surface 
pitting failures.  Very good separation between healthy and 
faulty data occurred with NA4. 

2)  The FM4 and RMS parameters performed average to 
below average in detection of gear tooth surface pitting 
failures.  FM4 had low scatter in results but had a relatively 
small separation in mean values of healthy and fault data.  
For RMS, significant variation in values from set to set 
occurred. 

3)  The ODM sensor was successful in detecting a 
significant amount of debris from all the gear tooth pitting 
fatigue failures.  Excluding outliers, the average cumulative 
mass at the end of a test was 40 mg. 
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Table I.  Test gear design data. 

AGMA quality .......................................... 12 

Number of teeth; pinion, gear.................. 19,  73 

Diametral pitch (teeth/in) ......................... 10.6 

Pressure angle (deg)............................... 27.5 

Shaft angle (deg)..................................... 90 

Face width (in); pinion, gear.................... 0.8,  0.6 

Hardness (Rc); case, core ...................... 62,  38 

RMS surface finish (min)......................... 16 

Material ................................................... X53 steel 

 
 
 
 

Table II.  Results of endurance tests. 

Set 
no. Side 

Face gear 
speed 
(rpm) 

Face gear 
torque 
(lb-in) 

M Pin 
cycles 

Pinion 
condition 

1 Right 2200-3280 7200 361.5 4 

2 Left 2880-3280 7200 590.9 4 

3 Right 2880-3280 7200 559.8 4 

4 Left 2300 9075 77.2 2 

5 Right 2300 9075 88.0 2 

6 Left 2300 9075 38.4 2 

7 Right 2300 9075 41.9 2 

8 Left 2300 9075 32.7 2 

9 Right 2300 8185 37.7 2 

10 Left 2200-2300 7200 461.8 4 

11 Right 2300 7200 65.7 2 

12 Right 2300 7200 66.1 2 

13 Left 2280 8185 126.0 1 

14 Right 2300 8185 202.9 3 

15 Left 2300 8185 102.6 1 

16 Right 2300 8185 212.9 2 

17 Left 2300 8185 42.6 1 

18 Left 2300 8185 144.5 3 

19 Left 2300 7200 35.7 1 

20 Right 2190-2300 7200 45.3 2 

21 Right 2190-2300 7200 99.1 2 

22 Left 2300 7200 60.7 1 

23 Left 2190-2300 7200 161.0 2 

24 Right 2200 7200 113.0 3 
Pinion condition: 
1- Macro-pitting, single/few teeth. 3- Moderate wear 
2- Macro-pitting, multiple teeth. 4- Heavy wear 

 
 
 
 
 
 
 
 
 

 
 

Table III.  Mean and standard deviation statistics 
for all sets, healthy state condition. 

  RMS FM4 NA4 
Set
no. 

No. 
pts. Mean 

St 
dev Mean 

St 
dev Mean 

St 
dev 

1 8782 7.82 0.61 2.85 0.23 1.83 0.25 

2 10000 3.93 0.52 2.87 0.51 4.52 2.22 

3 10000 6.14 1.58 3.25 0.55 5.32 2.85 

4 2000 2.90 0.10 3.16 0.24 3.25 0.92 

5 4000 4.95 0.65 2.26 0.10 1.56 0.50 

6 873 4.21 0.15 3.21 0.25 4.38 1.43 

7 647 7.92 0.22 2.42 0.05 2.46 0.49 

8 532 3.00 0.24 2.68 0.11 3.21 0.47 

9 54 5.95 0.27 2.55 0.03 2.35 0.12 

10 15440 4.74 1.30 2.81 0.20 3.72 0.69 

11 6510 5.04 1.06 2.57 0.32 6.94 2.92 

12 1000 3.42 0.10 2.83 0.09 2.29 0.16 

13 13155 3.64 0.61 2.99 0.26 4.08 1.30 

14 13155 9.34 1.85 2.31 0.31 1.67 0.43 

15 8960 3.10 0.45 2.89 0.12 3.11 0.54 

16 4242 6.31 0.11 2.14 0.04 3.83 0.67 

17 4000 2.53 0.22 2.97 0.18 2.73 1.04 

18 12918 3.07 0.30 2.59 0.14 4.57 1.04 

19 2000 5.24 0.39 2.85 0.24 2.85 0.38 

20 237 5.03 0.32 3.02 0.09 3.43 0.25 

21 3889 10.73 0.68 2.08 0.13 2.66 0.60 

22 2000 2.98 0.18 2.59 0.13 3.25 0.62 

23 3309 3.12 0.15 2.40 0.13 2.62 0.36 

24 8768 6.13 1.03 3.13 0.17 4.23 1.07 

All 136471 5.23 2.39 2.75 0.42 3.65 1.91 

 
 
 
 
Table IV.  Data summary for macro-pitting, single/few teeth failure 

mode (pinion condition 1 of Table II). 

Healthy Faulty Threshold 
Condition
indicator Mean 

St 
dev Mean 

St 
dev Value 

Hit 
rate 

False 
rate 

RMS 3.39 0.79 4.97 1.14 4.24 0.74 0.14 

FM4 2.92 0.23 3.50 0.78 3.29 0.61 0.06 

NA4 3.47 1.14 38.46 13.53 7.14 0.99 0.00 

 
 
 
 

Table V.  Data summary for macro-pitting, multiple teeth failure 
mode (pinion condition 2 of Table II). 

Healthy Faulty Threshold 
Condition
indicator Mean 

St 
dev Mean 

St 
dev Value 

Hit 
rate 

False 
rate 

RMS 4.64 1.54 6.67 2.41 6.14 0.59 0.16 

FM4 2.44 0.36 3.89 1.13 3.04 0.77 0.05 

NA4 2.76 1.03 28.45 22.23 5.52 0.851 0.00 
1artificially low due to normal distribution 

 



 
 

  

a) Overview of facility.

Figure 1.  NASA Glenn spiral-bevel-gear,
face-gear test facility.

b) Schematic view.

Face gear 
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motor 
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Figure 2.  Test gears.



 
 

  

Test-side
accelerometer

Slave-side
accelerometer

Pinion
shaft
tach

Gear
shaft
tach

oil-debris
monitor
sensor

oil-debris
monitor
controller

Anti-aliasing
filter

PC

Power supply/
Amplifier

Figure 3.  Gear fault detection instrumentation.

pre-filter
oil flow

to sump

Conditioner

a) Single/few teeth macro-pitting failure.

b) Multiple teeth macro-pitting failure.

Figure 4.  Typical macro-pitting pinion tooth
surface fatigue failures.



 
 

  

a) RMS.

b) FM4.

c) NA4.

Figure 5.  Mean and standard deviation statistics for all 
sets, healthy state condition.

mean, all setsst dev, all sets

a) Single/few teeth macro-pitting failures.

b) Multiple teeth macro-pitting failures.

c) Average values.

Figure 6.  Qualitative analysis of condition indicator fault 
detection effectiveness.



 
 

  

a) Healthy component, mean=3, stdev=0.5.

CI = 3.5

Hit rate
=0.93

b) Faulty component, mean=5, stdev=1.0.

Figure 7.  Sample probability density functions.

False alarm rate
=0.16

Healthy component, mean=3, stdev=0.5
Faulty component, mean=4, stdev=1.0

CI=34

5

CI=34
6

7 Healthy component, mean=3, stdev=0.5
Faulty component, mean=7, stdev=1.0

a) Example 1.

b) Example 2.

Figure 8.  Sample receiver operating
characteristic (ROC) curves.
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a) Healthy data.

b) Faulty data.

c) Probability density functions.

Figure 9.  Summary results for RMS condition indicator 
for macro-pitting, single/few teeth failures.

d) Receiver operating characteristic curve.
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a) Healthy data.

b) Faulty data.

c) Probability density functions.

Figure 10.  Summary results for FM4 condition indicator 
for macro-pitting, single/few teeth failures.

d) Receiver operating characteristic curve.
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a) Healthy data.

b) Faulty data.

c) Probability density functions.

Figure 11.  Summary results for NA4 condition indicator 
for macro-pitting, single/few teeth failures.

d) Receiver operating characteristic curve.
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a) Healthy data.

b) Faulty data.

c) Probability density functions.

Figure 12.  Summary results for RMS condition indicator 
for macro-pitting, multiple teeth failures.

d) Receiver operating characteristic curve.
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a) Healthy data.

b) Faulty data.

c) Probability density functions.

Figure 13.  Summary results for FM4 condition indicator 
for macro-pitting, multiple teeth failures.

d) Receiver operating characteristic curve.
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a) Healthy data.

b) Faulty data.

c) Probability density functions.

Figure 14.  Summary results for NA4 condition indicator 
for macro-pitting, multiple teeth failures.

d) Receiver operating characteristic curve.
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a) Macro-pitting, single/few teeth.

b) Macro-pitting, multiple teeth.

Figure 15.  Oil-debris monitor results.



 
 

  

APPENDIX A  -  CI  DEFINITIONS 

Root Mean Square 

The root mean square (RMS) is defined as the square 
root of the average of the sum of the squares of the time-
averaged vibration trace (Eqn. 1).  For a simple sine wave, 
the RMS value is approximately 0.707 times the amplitude 
of the signal. 

 











 



N

i
iS

N
1

21
RMS  (1) 

where 

S time-averaged vibration trace 

i data point number in vibration trace 

N total number of data points in vibration trace 

FM4 

The FM4 parameter (Eqn. 2) was developed to detect 
changes in vibration pattern resulting from damage to a 
single gear tooth [1].  The metric is calculated by dividing 
the fourth statistical moment (kurtosis) of the difference 
signal by the square of the variance of the difference signal.  
The difference signal is defined as the time-averaged 
vibration trace, S, minus the gear mesh frequencies and shaft 
orders.  The metric is non-dimensional with a nominal value 
of 3 for Gaussian noise (assumed for a healthy component). 
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where 

d difference signal 

d  mean value of difference signal 

i data point number in difference signal 

N total number of data points in difference signal 

NA4  

The NA4 metric (Eqn. 3) was developed to overcome a 
shortcoming of the FM4 metric [19]. As the occurrences of 
damage progresses in both number and severity, FM4 
becomes less sensitive to the new damage. Two changes 
were made to the FM4 metric to develop the NA4 metric as 
one that is more sensitive to progressing damage. One 
change is that FM4 is calculated from the difference signal 
while NA4 is calculated from the residual signal. The 
residual signal includes the first order sidebands that were 
removed from the difference signal. The second change is 
that trending was incorporated into the NA4 metric. While 
FM4 is calculated as the ratio of the kurtosis of the data 

record divided by the square of the variance of the same data 
record, NA4 is calculated as the ratio of the kurtosis of the 
data record divided by the square of the average variance.  
The average variance is the mean value of the variance of all 
previous data records in the run ensemble. These two 
changes make the NA4 metric a more sensitive and robust 
metric. The NA4 metric is calculated by 
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where 

r residual signal 

r  mean value of residual signal 

i data point number in residual signal 

N total number of points in residual signal 

j time record number in run ensemble 

M current time record in run ensemble 



 
 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B1.  Set 1 vibration fault detection data.

Figure B2.  Set 2 vibration fault detection data.

Figure B3.  Set 3 vibration fault detection data.

Figure B4.  Set 4 vibration fault detection data.

APPENDIX B  - CI  TRACES
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Figure B5.  Set 5 vibration fault detection data.

Figure B6.  Set 6 vibration fault detection data.

Figure B7.  Set 7 vibration fault detection data.

Figure B8.  Set 8 vibration fault detection data.



 
 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B9.  Set 9 vibration fault detection data.

Figure B10.  Set 10 vibration fault detection data.

Figure B11.  Set 11 vibration fault detection d at a.

Figure B12.  Set 12 vibration fault detection d at a.

Healthy



 
 

  

 

Figure B13.  Set 13 vibration fault detection data.

Figure B14.  Set 14 vibration fault detection data.

Figure B15.  Set 15 vibration fault detection d at a.

Figure B16.  Set 16 vibration fault detection d at a.



 
 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B17.  Set 17 vibration fault detection data.

Figure B18.  Set 18 vibration fault detection data.

Figure B19.  Set 19 vibration fault detection d at a.

Figure B20.  Set 20 vibration fault detection d at a.



 
 

  

 

Figure B21.  Set 21 vibration fault detection data.

Figure B22.  Set 22 vibration fault detection data.

Figure B23.  Set 23 vibration fault detection d at a.

Figure B24.  Set 24 vibration fault detection d at a.
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